Electrophysiological measurements were made on root tip cells in the elongation zone of diclofop-methyl-resistant (SR4/84) and -susceptible (SRS2) biotypes of annual ryegrass (Lolium rigidum Gaud.) from Australia. The phytotoxic action of diclofop-methyl (methyl 2-[4-(2',4'-dichlorophenoxy)phenoxy]propanoate) on susceptible whole plants was completely reversed by a simultaneous application of 2,4-dichlorophenoxyacetic acid (dimethylamine salt). The phytotoxic acid metabolite, diclofop (50 micromolar), depolarized membrane potentials of both biotypes to a steady-state level within 10 to 15 minutes. Repolarization of the membrane potential occurred only in the resistant biotype following removal of diclofop. The resistant biotype has an intrinsic ability to reestablish the electrogenic membrane potential, whereas the susceptible biotype required an exogeneous source of IAA to induce partial repolarization. Both biotypes were susceptible to depolarization by carbonylcyanide-m-chlorophenylhydrazone (CCCP), and their membrane potentials recovered upon removal of CCCP. A 15-minute pretreatment with p-chloromercuribenzenesulphonic acid (PCMBS) blocked the depolarizing action of diclofop in both biotypes. However, PCMBS had no effect on the activity of CCCP. The action of diclofop appears to involve a site-specific interaction at the plasmalemma in both Lolium biotypes to cause the increased influx of protons into sensitive cells. The differential response of membrane depolarization and repolarization to diclofop treatment may be a significant initial reaction in the eventual phytotoxic action of the herbicide.
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DM' is a postemergence graminicide that selectively controls grasses in broadleaf crops. Unlike other postemergence graminicides, DM selectively controls wild oat (Avena fatua) and other grasses in wheat (Triticum aestivum). Biotypes of annual ryegrass (Lolium rigidum) with resistance to DM have appeared in all major cereal cropping areas of Australia (6, 7) . The physiological or biochemical mechanism for resistance to DM has not been determined for these ryegrass biotypes.
The first visible symptom in susceptible grasses to foliarly applied DM is rapid growth inhibition of both the shoot and the intercalary meristems upon contact with the herbicide, followed by a slow development of chlorosis (approximately 3 d in greenhouse and 5-15 d in the field) (17, 25) . However, the most characteristic whole plant response to DM and other aryloxyphenoxy herbicide analogs is the reversal of herbicide phytotoxicity to susceptible grasses by 2,4-D and other auxinic compounds (1 1, 16, 17, 25) . In practical weed control, this reversal precludes the simultaneous application of DM and 2,4-D for control of both grass and broadleaf weeds in cereal crops such as DM-resistant wheat and DM-tolerant barley (Hordeum vulgare) (17) . The phytotoxic action of DM on a susceptible Lolium biotype was also reversed by 2,4-D (26) . One mechanism of selectivity between DM-resistant and -susceptible plants is the rapid metabolism and detoxification of DM in resistant species such as wheat and broadleaf plants by aryl oxidation and conjugation (25) . Another mechanism of selectivity is the differential sensitivity of proposed target sites to DM. Two mechanisms of phytotoxicity with separate target sites have been proposed for DM and other analogs: (a) reduction of the electrogenic component of the Em at the plasmalemma (5, 9, 13, 18, 19, 27, 33) and (b) inhibition of ACCase, a key enzyme in acyl lipid biosynthesis located in the chloroplasts and plastids of nongreen tissues (2, 10, 20, 21, 29) . The interaction between 2,4-D or IAA and DM on proton transport, coleoptile growth, Em, and morphogenesis in tissue culture has been demonstrated in susceptible tissues (25) . It is as yet unknown if 2,4-D will prevent the inhibition of acyl lipid biosynthesis by DM in whole plants or if susceptible plants are able to circumvent the block at ACCase when auxinic compounds are applied. Dicamba, an auxinic herbicide that reversed haloxyfop phytotoxicity, did not prevent the inhibition of ACCase in vitro by the herbicide (1).
The basis for resistance in annual ryegrass biotypes is not due to differential metabolism and detoxification of DM (9, 26) or to altered sensitivity of ACCase to inhibition by diclofop (14) . The plasma membrane of several DM-resistant and -susceptible biotypes of annual ryegrass was sensitive to membrane depolarization by diclofop (5, 9) . However, only the resistant biotypes appeared to reestablish the electrogenic component of Em upon removal of the herbicide (5, 9). Therefore, the resistance of annual ryegrass biotypes to DM and other herbicide analogs may be related to the differential response of the plasmalemma to membrane depolarization (biophysical mechanism). The mechanism for the repolarization response is unknown. The objective of this research was to characterize further the depolarization effect of diclofop on the plasmalemma of annual ryegrass.
MATERIALS AND METHODS

Plant Material
Seeds of DM-resistant (17, 24) . However, DM is rapidly hydrolyzed to diclofop once absorption into cells occurs (24, 25) . Diclofop is slightly more phytotoxic than DM on susceptible oat roots where the absorption barrier to diclofop does not appear to be a factor (23) . However, in tissues such as intact coleoptiles with barriers to absorption (cuticle), DM is more effective than diclofop in inhibiting growth (24) .
Em
Em was determined by the microelectrode technique as previously described (27, 33) . The emerging primary root 2 Mention of trademark or proprietary product does not constitute a guarantee or warranty of the product by the U.S. Department of Agriculture and does not imply its approval to the exclusion of other products that may also be suitable.
(1.0-1.5 cm) from ryegrass seeds germinated on filter paper was excised and used for determining the effect of diclofop and haloxyfop on the Em of individual root tip cells. A single root tip was held in a plexiglass tissue chamber with a volume of 2.0 mL. A cortical cell in the zone of elongation was selected for impaling with a microelectrode. Treatment solutions were changed by flushing the tissue chamber with 6 to 8 mL of a treatment solution within 30 s. Five to six measurements on separate root tips were made for each treatment. A representative response trace for each treatment is presented in the results. Two traces from different treatments have been off-set and placed in the same figure for comparison.
Root tips were incubated for 20 to 30 min in Higinbotham's lx nutrient solution (8) at pH 5.7 prior to beginning electrical measurements. All treatment solutions were prepared in 1 X nutrient solution with a final acetone concentration of 1% (v/v). Borosilicate glass (World Precision Instruments, New Haven, CT) measuring and reference electrodes were prepared as described (8, 22) . Electrical measurements were made with a Keithley 6 1OC electrometer and a strip chart recorder. The glass electrodes had varying resistance of 15 to 20 MQ and tip potentials of less than -15 mV.
RESULTS
Reversal of DM Phytotoxicity by 2,4-D
The effect of DM alone and in combination with 2,4-D is shown in Figure 1 . The results of only the susceptible biotype is shown because the resistant biotype was unaffected by DM at 1.0 mm except for discrete chlorotic spots on older leaf blades. DM alone was completely phytotoxic to the susceptible biotype within 13 d after application. The 2,4-D alone had no effect, but the auxinic herbicide in combination with DM reversed or antagonized the phytotoxic action of DM. Leaves that were emerged at the time of DM plus 2,4-D application became chlorotic, but later-emerging leaves were unaffected and the plants developed normally thereafter. 
Effect of Diclofop on Cell Em
Diclofop was used to determine the effect of the herbicide on cell Em. The change in Em of a single cell impaled with a microelectrode was monitored continuously.
Root tip cells of DM-resistant and -susceptible annual ryegrass biotypes were sensitive to membrane depolarization by diclofop (Fig. 2) . The depolarization response was concentration dependent and complete depolarization to the diffusion potential of -30 to -40 mV was eventually observed with 100 ,M diclofop. Concentration dependence of depolarization was also demonstrated in coleoptile parenchyma cells ofboth annual ryegrass biotypes (9) . Coleoptile depolarization was similar and complete within approximately 10 to 15 min for both biotypes.
Depolarization and Recovery of Em
Upon removal of diclofop, recovery of depolarized Em was significantly different between the two biotypes (Fig. 3) . Re (Fig. 4) tion response (Fig. 4) , which failed to occur in the absence of IAA (Fig. 3) . Susceptible root tip cells treated with 50 ,uM diclofop alone were allowed a 30-min depolarization period before removal of diclofop. Repolarization failed to occur when an additional 20-to 30-min period was allowed before the addition of 10 ,uM IAA (Fig. 5) . Thus, IAA must be added within a critical period following the removal of diclofop or added simultaneously with diclofop for IAA to induce repolarization. These results appear to reflect the critical temporal interaction observed between DM application and reversal of phytotoxicity in whole plants by 2,4-D (17, 25) .
Effect of CCCP on Em of Annual Ryegrass
Lipid-soluble weak acids such as CCCP and 2,4-dinitrophenol can function as proton ionophores. As expected, CCCP effectively depolarized the Em of both DM-resistant and -susceptible annual ryegrass root tip cells (Fig. 6) . However, repolarization occurred rapidly in cells of both biotypes upon the removal of CCCP. In contrast, DM-susceptible biotype cells depolarized by diclofop failed to repolarize following the removal of diclofop (Fig. 3, refs. 5, 9) . Therefore, the action of CCCP affected both biotypes similarly (Fig. 6) , whereas the action of diclofop was correlated with the resistance or susceptibility of annual ryegrass to the herbicide (Fig. 3) .
Effect of PCMBS on Em of Annual Ryegrass
The relatively impermeable thiol reagent, PCMBS, directly blocks the sucrose carrier protein but does not act directly on the proton pump (15) . Therefore, PCMBS does not depolarize the Em and, consequently, has little effect on the proton- motive force (15) . A 15-min pretreatment with 0.5 mM PCMBS alone did not depolarize the cell membrane potentials of either DM-resistant or -susceptible biotypes (Fig. 7) . However, PCMBS blocked the depolarization by 50 jM diclofop upon removal of PCMBS and addition of diclofop in both biotypes (Fig. 7) . Depolarization by 100 gM diclofop was not blocked completely by PCMBS in both biotypes (Fig. 8) Figure 2 . Figure 6 following depolarization. (Figs. 7 and 8). Pretreatment with PCMBS followed by treatment with diclofop did not prevent membrane depolarization by CCCP. The response of both biotypes to membrane depolarization and recovery following the addition and removal of CCCP (Fig. 7) was similar to results in Figure 6 where no PCMBS pretreatment of root tips was made before the addition of CCCP. At the higher diclofop concentration (Fig. 8) , depolarization was not completely blocked by PCMBS but the addition of CCCP following the removal of diclofop caused a further depolarization to near diffusion potential with a discernible recovery following removal of CCCP.
Effect of Haloxyfop on Em of Annual Ryegrass
The experiments described above were repeated with haloxyfop, a pyridinyloxyphenoxy analog of diclofop. Although not shown, haloxyfop depolarized Em of both biotypes similarly to diclofop. PCMBS also blocked the depolarization by 50 ,M haloxyfop but failed to block the action of CCCP (Fig.  9) , similar to the results observed with diclofop (Fig. 7) . The response of root tip cells of DM-resistant and -susceptible biotypes to haloxyfop agreed with previously reported results for coleoptile parenchyma cells from several selections of annual ryegrass (5, 9) . The results indicated that diclofop and haloxyfop act similarly on annual ryegrass biotypes that are either resistant or susceptible to both herbicides. DISCUSSION DM has been proposed to act by increasing the permeability of the plasmalemma to protons, resulting in perturbation of the electrogenic proton gradient and associated Em (5, 9, 13,  18, 19, 24, 25, 27, 33) . The biochemical and physiological consequences resulting from such action and their influence Diclofop is also a strong inhibitor ofACCase, a key regulatory enzyme in fatty acid biosynthesis located in chloroplasts and plastids of nongreen tissues (2, 10, 20, 21, 29) . It has been postulated that an effect on the biosynthesis ofcell membranes caused by the inhibition of acyl lipid biosynthesis is the primary cause of plant death.
A characteristic response of susceptible whole plants to the application of DM and all other herbicide analogs is the reversal of herbicide phytotoxicity by 2,4-D and other auxinic herbicides ( 17, 25) . This property may be useful in evaluating the significance and contributions of the two sensitive sites and their associated mechanisms to the net phytotoxic mode of action of DM (11, 16, 25) . IAA and auxinic herbicides including 2,4-D may be expected to overcome or reverse either directly or indirectly the action of DM at either sensitive site (plasmalemma and ACCase).
The phytotoxic mode of action of DM in annual ryegrass is probably similar to its action in other susceptible grass species. As demonstrated previously with DM-susceptible grass species, 2,4-D reversed completely the phytotoxicity of DM in the susceptible biotype (Fig. 1) . ACCase from DMresistant and -susceptible ryegrass biotypes was equally sensitive to in vitro inhibition by diclofop (14) . No discernible difference in total ACCase activity was evident between the biotypes (14) . Dicamba, an auxinic herbicide, also reversed the phytotoxicity of haloxyfop, an analog of diclofop, in susceptible tall fescue (Festuca arundinacea) (1). However, dicamba did not prevent the in vitro inhibition of ACCase by haloxyfop (1) . These results are not unexpected because the concentrations that inhibit enzyme activity by 50% of wheat ACCase by haloxyfop, diclofop, and 2,4-D were 0.28 jM, 0.07 ,gM, and 1.04 mm, respectively (20) . Therefore, competition by 2,4-D or dicamba for the same site (ACCase) to prevent inhibition by diclofop or haloxyfop is not plausible. It appears that sensitivity of ACCase to inhibition by diclofop is not a factor in the resistance or susceptibility of annual ryegrass to DM. Therefore, the reversal of phytotoxicity by auxinic herbicides ( Fig. 1) probably does not involve an interaction between ACCase and 2,4-D at the enzyme level (1, 25) . Differential metabolism and detoxification of DM also did not differ between the annual ryegrass biotypes (9, 26) .
The differential response to membrane depolarization by diclofop and its herbicide analogs is the only significant biochemical or physiological difference yet observed between the Lolium biotypes (5, 9, 25) . The sensitive sites for membrane depolarization are probably similar between the DMresistant and -susceptible biotypes, and the responses to diclofop are concentration dependent (Fig. 2, refs. 5, 9 ). However, only the resistant biotype is capable of reestablishing the electrogenic Em upon the removal of diclofop (Fig. 3) , indicating the restoration of the membrane to its functional state. This response occurred in all Lolium selections resistant to DM and other aryloxyphenoxy analogs (5, 9) . Root tip cells (Fig. 3) and coleoptile parenchyma cells (5, 9) gave similar results. The mechanism for the repolarization response is unknown, but it does not involve metabolism and detoxification of DM (9, 26) . A mechanism that may remove diclofop from the site of action by intracellular sequestration or compartmentation in resistant biotypes has been proposed (9).
IAA-induced repolarization in DM-susceptible biotype may be the initial action in a mechanism that ultimately reverses the phytotoxicity of DM (Fig. 4) . A similar response following diclofop depolarization in susceptible oat (Avena sativa) coleoptiles was induced by 2,4-D and IAA (27) . The reversal of phytotoxicity in whole plants by 2,4-D and other auxinic compounds is a temporally related interaction (11, 16, 17, 25) . In field experiments, a simultaneous application of both herbicides or a split application of 2,4-D or an auxinic herbicide made within 8 h following application of DM will reverse its phytotoxicity (16, 17) . DM acts as an effective auxin antagonist in oat coleoptiles, but antagonism may be overcome by the application of IAA, 2,4-D, or dicamba (23, 24, 27) . However, 2,4-D must be applied within 3 h to oat coleoptiles treated with DM to prevent irreversible growth inhibition (27) . These results indicate that irreversible damage by DM to susceptible plants probably occurs within 3 to 8 h following treatment with DM. A definite relationship exists between transmembrane proton transport, the establishment of Em, and auxin-regulated growth (22, 28) . The resistant annual ryegrass biotypes appear to have an intrinsic ability to reestablish net proton pumping without the addition of exogenous IAA or 2,4-D (Fig. 3, refs. 5, 9 ). The reestablishment of Em within a few hours following DM application may be critical in preventing irreversible damage to Lolium and other susceptible grasses.
The response of annual ryegrass to CCCP and PCMBS suggests that the depolarizing action of diclofop is probably site specific (Figs. 6-9 ). The depolarization and recovery of Em in response to the addition and removal of CCCP were similar in both DM-resistant and -susceptible biotypes (Fig.  6 ). Diclofop does not appear to act like CCCP, a mobile protonophore, because the herbicide prevented the repolarization response upon its removal from the susceptible biotype (Fig. 3) . Carbonylcyanide-p-trifluoromethoxyphenylhydrazone, another uncoupler, increased state 4 respiration in wheat mitochondria, whereas diclofop inhibited the same reaction but only at a very high concentration of 500 uM (3) . This further confirms a previous conclusion that diclofop is not acting as a weak acid because no transient hyperpolarization was detected at pH 5.7 and 7.0 in both Chara (13) and oat coleoptiles (33) when treated with diclofop.
The inhibition of depolarization by PCMBS in both biotypes (Fig. 7) suggests a site-specific interaction between diclofop and the plasmalemma to cause increased proton influx that results in depolarization. However, PCMBS did not completely block depolarization by a higher concentration of diclofop (Fig. 8) . PCMBS had no effect on membrane depolarization and recovery due to CCCP (Fig. 7) , indicating further that diclofop action may be site specific and unlike that of CCCP.
Membrane depolarization by diclofop is ion selective for protons and it does not involve a direct action on the proton pump (13, 18, 33) . Proton influx and depolarization caused a significant transient reduction in cellular ATP concentration in Chara at pH 5.7, but no reduction occurred at pH 8.2 (13) , suggesting an indirect stimulation of H+-ATPase due to a decrease in cytoplasmic pH. In isolated oat root tonoplast vesicles, both DM and diclofop dissipated the proton gradient, with diclofop being most effective at pH 5.7 and DM most effective at pH 7.4 (18) . The relative effectiveness between DM and diclofop at pH 5.7 was also observed in whole coleoptile cells (33) . The differences in cellular absorption and metabolism between DM and diclofop may explain the relative differences observed in whole cells (24) . Nevertheless, the activities of tonoplast ATPase and pyrophosphatase were totally unaffected by DM and diclofop independent of any changes in proton flux (18) . Therefore, diclofop does not act directly on the proton pump but causes an increase in proton permeability by some site-specific interaction at the membrane.
Sethoxydim, a postemergence graminicide chemically unrelated to diclofop, reversibly depolarized Em of leaf cells from sensitive and tolerant grass species (31, 32) and coleoptiles of annual ryegrass biotypes (5) . The electrogenic component of Em was depolarized by sethoxydim, thus affecting H+-amino acid cotransport into cells (32) . Sethoxydim did not inhibit the activity of membrane-bound H+-ATPase, but the reduction of extracellular ferricyanide was sensitive to inhibition by the herbicide (31) . Susceptible species were more strongly affected than the tolerant species. Therefore, in contrast with diclofop, sethoxydim caused a perturbation of the transmembrane proton gradient at much higher concentrations than diclofop by directly inhibiting the plasmalemmaredox system, an alternate mechanism for the establishment of the transmembrane proton gradient (31) . The significance ofthe membrane effects ofsethoxydim to its phytotoxic action requires further evaluation.
Intracellular protons may act as important second messengers to regulate auxin-induced growth that appears to depend on the functioning of the membrane-bound proton pump (4, 12) . The disruption of the electrogenic proton gradient and its associated effect on cytoplasmic pH by diclofop may have profound secondary effects on young, actively growing cells in the meristems, which have been identified as the tissue most sensitive to DM (30) . The unknown secondary effects must be acting very quickly to cause irreversible injury within 3 to 8 h. It appears that the biophysical mechanism may contribute significantly to the overall phytotoxic mode of action of DM in Lolium. In other susceptible species, a combination of both the biophysical and biochemical mechanisms acting synergistically or additively may be necessary for total phytotoxic activity (25) .
